INTRODUCTION
============

Cancer of colon and rectum \[colorectal cancer (CRC)\] is a malignant neoplasm arising from the lining of the large intestine. CRC is the third most common malignancy and one of the major causes of cancer-related death in the United States.[@b1-jcp-19-153] Colitis-associated cancer is a type of colon malignancy which is preceded by clinically detectable inflammatory bowel disease (IBD), such as Crohn's disease (CD) or ulcerative colitis (UC).[@b2-jcp-19-153] IBD results from the inappropriate and ongoing activation of the mucosal immune system is driven by the presence of normal luminal flora. As many as 1.4 million people in the United States and 2.2 million people in Europe suffer from these diseases.[@b3-jcp-19-153]

The prevalence of IBD is much lower in Asian countries, including Japan and Korea than in Western countries, but it is rapidly increasing.[@b4-jcp-19-153] The incidence of IBD in Korea has increased significantly over the past few decades. In case of prevalence of UC in Korea, it was quadrupled from 7.57/10^5^ individuals in 1997 to 30.9/10^5^ individuals in 2005. Adjusted prevalence rates of CD and UC per 10^5^ individuals were 11.2 and 30.9, respectively.[@b5-jcp-19-153] In regard to the incidence of IBD in Japan, the number of patients has been increasing over the time. The age-standardized prevalence of UC in Japan in 2005 was 63.6/10^5^ individuals while that of CD was 21.2/10^5^ individuals. The incidence in Japan of UC and CD is higher than in Korea.

IBD can occur in combination with defected immune response.[@b6-jcp-19-153],[@b7-jcp-19-153] An elevated level of tumor necrosis factor α (TNF-α) was especially found in the blood, intestinal mucosa and stools of patients with IBD. In addition to TNF-α, the increases of other pro-inflammatory mediators have been detected in stools and rectal dialysates from patients with IBD as well.[@b6-jcp-19-153] The existing data revealed that TNF-α inhibitors are increasingly being used in the management of IBD-related disorders. The most commonly used biologics used for the treatment of IBD are TNF-α antibodies, such as infliximab, a chimeric immunoglobulin G (IgG) 1 monoclonal antibody; adalimumab, a human monoclonal IgG1 antibody; certolizumab pegol, a pegylated Fab fragment of a humanized IgG4 isotype monoclonal antibody.[@b8-jcp-19-153] Even though these TNF inhibitors may increase the risk of tuberculosis, varicella, and other opportunistic infections, there is little evidence supporting that anti-TNF agents specifically increase the overall risk of serious infections. Similarly, there is little evidence that TNF antagonists raise the risk of developing malignancy.[@b9-jcp-19-153] Therefore, for the use of TNF inhibitors in patients with IBD, more studies are needed.

In this review, we will describe the inflammation-induced colon carcinogenesis and the biological activities of baicalein and betaine focusing on their role as modulators of colitis-associated colon tumorigenesis. An introduction of the animal models for inflammation-induced colon carcinogenesis will be followed by discussion of the biochemical and cellular effects of baicalein and betaine.

INDUCTION OF COLON CARCINOGENESIS IN MICE BY AZOXYMETHANE (AOM) PLUS DEXTRAN SODIUM SULFATE (DSS)
=================================================================================================

A variety of available animal models of CRC have provided essential tools for investigating the complex development and pathogenesis of CRC. Among them, chemically induced CRC models are highly reliable due to their advantage in investigating CRC. This chemically- induced models are highly reproducible, can be readily tested in animals with different genetic backgrounds, and mimic the pathogenesis of human CRC.[@b10-jcp-19-153] Therefore, these carcinogen- induced CRC rodent models are frequently used to evaluate the activity of chemopreventive or anticancer agents and also to identify risk factors.

Although there are a variety of chemical agents available to induce colon carcinogenesis in animals, AOM is widely used due to its practical advantage, such as reproducibility, high potency, simple application, excellent stability and a low price.[@b10-jcp-19-153] AOM is a carcinogenic and neurotoxic chemical compound and a metabolite of 1,2-dimethylhydrazine. AOM is converted to methylazoxymethanol by cytochrome P450 2E1. Methylazoxymethanol induces genotoxicity in various tissues including colon.

The pro-inflammatory stimulus, such as DSS, is widely used to induce colitis in animals. Continuous exposure to DSS induces inflammatory conditions in colon. However, the incidence and the multiplicity of tumors with inflammation are low.[@b11-jcp-19-153] When AOM was combined with the pro-inflammatory stimulus DSS, the tumor growth was accelerated with a significantly shorter latency time (2--3 months). To develop an efficient animal model for colitis-related carcinogenesis, male ICR mice were challenged with a single intraperitoneal administration (10 mg/kg body weight) of a genotoxic colonic carcinogen, AOM and an one week oral exposure (2% in drinking water) to a non-genotoxic carcinogen, DSS. After the treatment with AOM and DSS, all mice developed tumors.[@b12-jcp-19-153] This can also be used in chemoprevention studies as well. Other chemicals including dimethylhydrazine and 2,4,6- trinitrobenzenesulfonic acid induce the formation of colon tumors. However, it takes longer than that induced by AOM plus DSS.

The most important molecular markers involved in the signal transduction of inflammation-induced colon carcinogenesis are TNF-α, interleukin (IL)-1β, IL-6, cyclooxygenase (COX)-2, inducible nitric oxide synthase (iNOS), 3-hydroxy-3-methylglutatyl coenzyme A reductase, retinoid X receptor-a, estrogen receptor-β, β-catenin, 5-lipoxygenase, signal transducers and activators of transcription 3, nuclear factor kappa-light-chain-enhancer of activated B cells (NF-κB) and hemeoxygenase-1.[@b13-jcp-19-153] These can also be considered as biomarkers and/or surrogate endpoints of colorectal carcinogenesis and as molecular targets in the management of colorectal malignancies.[@b14-jcp-19-153]

Over the last decade, various compounds have been tested for their oncogenic or chemopreventive activities in AOM/DSS-induced colon carcinogenesis model.[@b15-jcp-19-153]--[@b20-jcp-19-153]

EFFECTS OF BAICALEIN ON GROWTH OF HUMAN COLON CANCER CELLS AND AZOXYMETHANE PLUS DEXTRAN SODIUM SULFATE-INDUCED COLON TUMORIGENESIS
===================================================================================================================================

Baicalein (5,6,7-trihydroxyflavone, [Fig. 1A](#f1-jcp-19-153){ref-type="fig"}), one of major flavonoids found in *Scutellaria baicalensis* Georgi, is widely used in Chinese herbal medicine for treating various inflammatory diseases and ischemia.[@b21-jcp-19-153] Baicalein exhibits various biological effects, including anti-inflammatory[@b22-jcp-19-153] and anti-tumor activity.[@b23-jcp-19-153] So far, *Scutellaria* has been shown to have almost no or very low toxicity to animals and humans.[@b24-jcp-19-153] It is also evident that this flavonoid exhibits selective cytotoxicity against malignant cells. In human myeloma cells, baicalein induced cell death, but did not so in normal myeloid cells or peripheral blood cells at the same plasma concentration indicating its selective cytotoxic effect of this agent.[@b25-jcp-19-153]

1.. Modulation of anti-tumor activity
-------------------------------------

Several studies have demonstrated that baicalein inhibits growth of several human cancer cells.[@b26-jcp-19-153],[@b27-jcp-19-153] It possesses a direct cytotoxicity to a large panel of human malignant cell lines by inducing apoptotic cell death.[@b26-jcp-19-153]--[@b31-jcp-19-153] The anti-cancer properties of baicalein were recently shown to be mediated through the inhibition of cell growth and induction of apoptosis in HCT116 human colon cancer cells.[@b28-jcp-19-153] Cell viability was significantly decreased by treatment of baicalein in a concentration-dependent manner. The concentrations required for half-maximal inhibition of the cells were about 100 μM in HCT116 cells for 24 hour treatment and about 50 μM for 48 hour treatment. Cells treated with baicalein for 24 hours showed distinct morphological changes compared with that of the untreated control. Thus, they became rounded and more dispersed with aggregation.[@b28-jcp-19-153] Apoptosis is an important process required for homeostasis and occurs through two broad pathways: the intrinsic pathway and the extrinsic pathway.[@b32-jcp-19-153] Treatment with baicalein decreased the expression levels of procaspase-3 and -8, and induced cleavage of poly (ADP-ribose) polymerase.[@b28-jcp-19-153]

Bonham et al.[@b33-jcp-19-153] reported anti-tumor activities of baicalein in various types of cancer cells and tumor models. Oral administering of 20 mg/kg baicalein inhibited growth of established prostate tumors by approximately 55%. Baicalein also exerts anticancer activity by inhibiting platelet-type 12-lipoxygenase, which has been shown to regulate growth, metastasis and angiogenesis in prostate cancer.[@b34-jcp-19-153] Moreover, treatment with baicalein inhibited nicotine-induced proliferation, metastasis and lung cancer-associated inflammation in A549 and H1299 human lung cancer cell lines.[@b35-jcp-19-153] In hepatocellular carcinoma including H22, Bel-7404 and HepG2 cell lines, treatment with baicalein showed anticancer effects by regulating the transcription of cyclin D1 via a β-catenin-dependent mechanism.[@b29-jcp-19-153]

Baicalein also affects the invasion and expression of migration signaling molecules, such as matrix metalloproteinase (MMP)-2 and MMP- 9 in human hepatoma cells.[@b36-jcp-19-153] According to recent studies, baicalein treatment showed inhibition of migration and invasion in gastric and cervical cancer cells via transforming growth factor-β and extracellular signal-regulated kinase signal pathways, respectively.[@b37-jcp-19-153],[@b38-jcp-19-153] Similarly, baicalein also exerted an inhibitory effect on cell migration in colon cancer cells.[@b28-jcp-19-153] Therefore, baicalein has effective anti-metastatic activity for the treatment of colon cancer by inhibiting the expression of MMP-2 and MMP-9, thereby blocking cell migration and invasion.[@b28-jcp-19-153] Based on previous studies, baicalein has therapeutic potential against several types of human cancers.

2.. Modulation of the inflammation
----------------------------------

NF-κB is the key transcriptional factor for synthesis of pro-inflammatory mediators, including iNOS, COX-2 and TNF-α. NF-κB also plays central roles in carcinogenesis and inflammation and thus it is considered as one of the molecular targets of cancer prevention and therapy.[@b39-jcp-19-153] In fact, NF-κB activation has been reported to be involved in colon carcinogenesis and certain NF-κB inhibitors are able to suppress cancer development in these tissues.[@b40-jcp-19-153] Numerous data suggest that baicalein exhibits anti-inflammatory activity through inhibition of NF-κB.[@b40-jcp-19-153]--[@b43-jcp-19-153] Kim et al.[@b28-jcp-19-153] reported the anti-inflammatory effects of baicalein in human colon cancer cells. They found that baicalein inhibited the activation of NF-κB subunits p50 and p65 through induction of peroxisome proliferator-activated receptor (PPAR)γ. As a result, baicalein suppressed the expression of the inflammatory mediator iNOS.[@b28-jcp-19-153]

The anti-inflammatory activity of baicalein is mediated not only by NF-κB but also by modulation of various signaling molecules. Baicalein has been reported to attenuate endothelium intimal hyperplasia by inhibiting inflammatory signaling molecules including extracellular signal-regulated kinase, protein kinase B or Akt and NF-κB in vascular smooth muscle cells.[@b44-jcp-19-153] Baicalein attenuates the radiation-induced inflammatory process in mouse kidney by modulation of NF-κB and Forkhead family of transcription factors.[@b41-jcp-19-153] In case of acute lung injury induced by lipopolysaccharide (LPS) in rat, baicalein inhibited NF-κB mediated inflammatory responses and upregulation of the nuclear factor erythroid 2-related factor-2/heme oxygenase-1 pathway.[@b45-jcp-19-153] In the murine macrophage RAW 264.7 cell line, baicalein inhibited LPS-induced inflammation via upregulated estrogen receptor and inhibited NF-κB-dependent signaling.[@b46-jcp-19-153]

3.. Modulation of colitis-associated colon tumorigenesis
--------------------------------------------------------

As described earlier, baicalein has been reported to inhibit inflammation by modulation of PPARγ in human colon cancer cells.[@b28-jcp-19-153] PPARγ agonists affect cell proliferation, differentiation, and apoptosis in a PPARγ-dependent and/or -independent manner and hence represent a potentially important family of therapeutic compounds for cancer treatment. Many studies show that PPARγ agonists, such as thiazolidinedione, have anti-tumorigenic properties in CRC by increasing the expression of tumor suppressor genes.[@b47-jcp-19-153] Activation of PPARγ results in anti-inflammatory effects in several cell types, including smooth muscle cells and endothelial cells. PPARs act as anti-inflammatory agents by interfering with the transcriptional pathways involved in inflammatory responses, such as the modulation of NF-κB signaling. Baicalein is a potent PPARγ activator that inhibits NF-κB and mediates inflammatory responses in colon cancer cells.[@b28-jcp-19-153]

Recent studies have shown a significant association between deficiency of PPARγ and IBD.[@b48-jcp-19-153] In addition, activation of PPARγ could attenuate the inflammation in the gut.[@b49-jcp-19-153] These results suggest that colonic PPARγ may be a promising therapeutic target in patients suffering from IBD. In AOM plus DSS-induced colon carcinogenesis mouse model, baicalein recovered the colon length which was shortened by AOM/DSS, suppressed colonic inflammation and reduced the tumor incidence and hyperplasia induced by AOM/DSS.[@b28-jcp-19-153] In addition, baicalein administration did not produce any observable toxicity or significant changes in body weight during experimental periods. The above accumulating evidence demonstrates that baicalein possesses potent anticancer and anti- inflammatory activities.[@b28-jcp-19-153]

EFFECTS OF BETAINE ON AZOXYMETHANE/DEXTRAN SODIUM SULFATE-INDUCED COLON TUMORIGENESIS
=====================================================================================

Betaine (trimethylglycine, [Fig. 1B](#f1-jcp-19-153){ref-type="fig"}) is an essential biochemical molecule of the methionine/homocysteine cycle and is synthesized by conversion of choline.[@b38-jcp-19-153] It was first discovered in the juice of sugar beets (*Beta vulgaris*) in the 19th century[@b50-jcp-19-153] and since then has been found in various microorganisms, plant and animals.[@b51-jcp-19-153] Betaine plays central roles in choline-mediated one-carbon metabolism, structural integrity and signaling functions of cell membranes and neurotransmitter synthesis.[@b52-jcp-19-153] It also serves as an osmolyte that regulates cell volume and protects cells and proteins from environmental stresses including ionic stress.[@b53-jcp-19-153]

1.. Modulation of inflammation and cancer by betaine
----------------------------------------------------

Methylation of homocysteine by betaine is confined to the liver and the kidney but the pathway involving folate exists in all body cells.[@b54-jcp-19-153] Previous studies showed dietary choline and betaine intakes and associations with inflammatory markers in healthy free-eating adults enrolled in the ATTICA study.[@b55-jcp-19-153] The subjects with higher dietary choline and betaine intakes showed significantly lower plasma C-reactive protein, IL-6 and TNF-α concentrations than those who lower the intakes.[@b55-jcp-19-153] Moreover, betaine and choline may be involved in reducing inflammation as a source of one-carbon units for the metabolism of homocysteine.[@b56-jcp-19-153]

It has been reported that betaine may inhibit inflammatory processes by blocking the expression of pro- inflammatory genes as a consequence of suppressing NF-κB.[@b57-jcp-19-153] Betaine has been reported to suppress pro-inflammatory NF-κB activation through modulation of reactive oxygen species (ROS) and thiol homeostasis during the aging process both in vitro and in vivo.[@b57-jcp-19-153]--[@b59-jcp-19-153]

Inflammation is an important tumor promoter and several cytokines, including TNF-α and IL-6 which are induced by inflammation, can promote tumor growth.[@b12-jcp-19-153],[@b14-jcp-19-153] Many protooncogenes and carcinogens cause activation of NF-κB, whereas chemicals with known chemopreventive properties can suppress NF-κB activation.[@b60-jcp-19-153] So far, there are limited studies on association between intake of choline and betaine and cancer risks in humans, because food composition data have not been available until recently.[@b38-jcp-19-153] Several epidemiologic studies have examined the association between dietary intake of choline and betaine and cancer risks. Interestingly, higher betaine intake may be protective against lung cancer through mitigating the adverse effect of smoking.[@b61-jcp-19-153]

Betaine inhibits tube formation, migration and invasion in human umbilical vein endothelial cells through suppression of NF-κB and Akt signaling pathways.[@b62-jcp-19-153] In human adipocyte, treatment with betaine reduced hypoxia-induced inflammatory adipokines expression, which could have prevented low grade inflammation in obesity.[@b63-jcp-19-153]

2.. Modulation of colitis-associated colon tumorigenesis
--------------------------------------------------------

Recently, the results from a case-control study nested within the European Prospective Investigation into Cancer and Nutrition showed that plasma methionine, choline, and betaine status were modestly and inversely associated with the CRC risk.[@b64-jcp-19-153] This study included 1367 incident CRC cases (965 colon and 40 rectum) and 2323 controls matched by gender, age group, and study center. Higher betaine concentration was associated with a reduced CRC risk among individuals with folate concentrations below the median of 11.3 nmol/l, but not among those with a higher folate status.[@b64-jcp-19-153] This study suggests that individuals with high plasma methionine, choline, or betaine concentrations may be at a reduced risk of CRC. Although it was unclear that betaine could reduce inflammation-associated colon cancer development, it provided the possibility that these methyl group donors may play beneficial roles in colon cancer tumorigenesis. However, there are few reports about the role of betaine on the prevention of colon cancer tumorigenesis.

The inhibitory effects of betaine on AOM/DSS-induced colon tumorigenesis has recently been reported.[@b65-jcp-19-153] Animals were given a single intraperitoneal injection of AOM (10 mg/kg body weight). Seven days after the AOM injection, animals received 2% DSS (weight/volume) in the drinking water for 7 days. Depending on the experimental goals and characteristics, DSS can be used in various ranges of concentration.[@b66-jcp-19-153],[@b67-jcp-19-153] Macroscopically, the AOM/DSS model resulted in 100% incidence of colonic tumors and hyperplasia, which were most frequently observed in the middle and distal colon. Notably, betaine administration did not show any adverse effect on the body weight changes as well as food intake during the experimental periods. Three doses of betaine administration (1, 5 and 10 mg/kg in diet) inhibited colitis-associated colon tumorigenesis in ICR male mice. The colon length was not different between the AOM/DSS group and the betaine-treated group. However, other factors, including gene expression of pro-inflammatory mediators, oxidative stress status, and hematoxylin and eosin staining results, were affected by betaine treatment.

Quantitative polymerase chain reaction data showed AOM/DSS-induced expression of inflammatory molecules including TNF-α, IL-6, COX-2 and iNOS, which was inhibited by betaine treatment in colonic mucosa. Furthermore, hematoxylin and eosin staining data showed that administration of betaine decreased AOM/DSS-induced inflammatory-related damages and hyperplasia in colonic mucosa compared with the AOM/DSS treated group.[@b65-jcp-19-153] LPS is an endotoxin released by gram-negative bacteria that can be transferred to cluster of differentiation 14 by LPS-binding protein and recognized by Toll-like receptor 4 on the cellular surface of macrophages.[@b68-jcp-19-153] LPS triggers the translocation of NF-κB leading to the expression of NF-κB-regulated genes, including TNF-α, IL-6, COX-2 and iNOS, in murine macrophage RAW 264.7 cells.[@b69-jcp-19-153] These results demonstrated that betaine treatment inhibited the LPS-induced expression of TNF-α, IL-6, COX-2 and iNOS in RAW 264.7 cells.[@b65-jcp-19-153] These results suggest that betaine might be a candidate for a potential anti-inflammatory or cancer chemopreventive agent.

3.. Modulation of oxidative stress
----------------------------------

Redox homeostasis plays a critical role in the protection of the cell from both internal and external oxidative and other forms of stresses, and it maintains the regulatory role of redox-sensitive transcription factors including NF-κB.[@b70-jcp-19-153],[@b71-jcp-19-153] Previous studies showed ROS plays an important role in cancer development, both in the initiation and promotion stages of carcinogenesis.[@b72-jcp-19-153] In multi-step process of colon carcinogenesis, ROS was also found to be involved in all stages.[@b73-jcp-19-153] It has been reported that carcinogenic metals, such as arsenic and/or chromium in drinking water promoted tumorigenesis in a murine AOM/DSS colitis- associated CRC model through modulation of redox status. Importantly ROS-mediated β-catenin activation by carcinogenic metals such as arsenic and/or chromium may play an important role in this promotion effect.[@b74-jcp-19-153]

Betaine has been reported to prevent lysophosphatidylcholine-triggered ROS generation and NF-κB activation in endothelial cells.[@b59-jcp-19-153] In addition, a previous study reported that dietary betaine supplementation was capable of restoring redox balance by maintaining thiol homeostasis, thereby suppressing pro-inflammatory NF-κB activation during aging.[@b58-jcp-19-153] Similarly betaine also exerted inhibitory effects on colitis-associated colon tumori-genesis by modulating redox status. In mice, AOM/DSS increased ROS formation. In contrast, betaine-treated groups showed decreased ROS generation in colonic mucosa.[@b65-jcp-19-153]

Glutathione (GSH) is a key intracellular thiol composed of glutamic acid, cysteine and glycine. GSH helps protect cells from free radical damage by acting as an antioxidant. GSH depletion can cause redox imbalance through increased oxidative stress.[@b37-jcp-19-153] A recent study showed that the anti-tumorigenic effect of betaine was associated with GSH homeostasis in a AOM/DSS-induced CRC model.[@b65-jcp-19-153] Mice in the AOM/DSS-treated group showed increased oxidized GSH (GSH disulfide \[GSSG\]) concentration compared to those in the control group. However, the betaine-treated group showed a decreased GSSG concentration compared to the AOM/DSS treated group. This result indicates that betaine can reduce oxidative stress, at least in part, by modulation of GSSG levels in various types of stress.[@b65-jcp-19-153]

SUMMARY AND IMPLICATIONS
========================

In this paper, we have outlined the current understanding of the mechanisms by which baicalein and betaine significantly decreased the incidence of colon tumor formation and hyperplasia with attenuation of inflammation. Much insight has been gained in recent years, particularly with respect to chemopreventive agents against inflammation-associated colon carcinogenesis. Baicalein and betaine suppressed inflammation and AOM/DSS-induced tumor formation and hyperplasia in colonic mucosa. Especially, betaine can possibly suppress ROS generation by modulation of GSH during colon tumorigenesis ([Fig. 2](#f2-jcp-19-153){ref-type="fig"}). Therefore, baicalein and betaine may represent promising chemical entities which specifically target various aspects of inflammation and could be important leading compounds for the development of new chemopreventive agents against inflammation-associated colon tumorigenesis.
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![Modulation of colitis-associated colon tumorigenesis by baicalein and betaine. Baicalein and betaine suppressed colon tumor formations by inhibiting nuclear factor kappa-light-chain-enhancer of activated B cells (NF-κB), cyclooxygenase (COX)-2, inducible nitric oxide synthase (iNOS), interleukin (IL)-6 and tumor necrosis factor (TNF)-α during azoxymethane/dextran sodium sulfate (AOM/DSS)-induced inflammation-associated colon tumorigenesis. MMP, matrix metalloproteinase; PPAR, peroxisome proliferator-activated receptor.](jcp-19-153f2){#f2-jcp-19-153}
